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ABSTRACT
Phenotypic plasticity, broadly deﬁned as the capacity of one
genotype to produce more than one phenotype, is a key mech-
anism for how animals adapt to environmental (including ther-
mal) variation. Vertebrate glucocorticoid hormones exert broad-
scale regulation of physiological, behavioral, and morphological
traits that inﬂuence ﬁtness under many life-history or environ-
mental contexts. Yet the capacity for vertebrates to demonstrate
different types of thermal plasticity, including rapid compensa-
tion or longer acclimation in glucocorticoid hormone function,
when subject to different environmental temperature regimes
remains poorly addressed. Here, we explore whether patterns of
urinary corticosterone metabolites respond (i.e., evidence of
acclimation) to repeated short-term and sustained long-term
temperature exposures in an amphibian, the cane toad (Rhinella
marina). In response to three repeated short (30-min) high-
temperature (377C) exposures (at 10-d intervals), toads produced
urinary corticosterone metabolite responses of sequentially
greater magnitude, relative to controls. However, toads subjected
to 4 wk of acclimation to either cool (187C)- or warm (307C)-
temperature environments did not differ signiﬁcantly in their
urinary corticosteronemetabolite responses during exposure to a
thermal ramp (187–367C). Together, these results indicate that
adult toads had different, including limited, capacities for their
glucocorticoid responses to demonstrate plasticity to different*Corresponding author; email: t.jessop@deakin.edu.au.
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All use subject to University of Chicago Press Termregimes of environmental temperature variation. We advocate
further research as necessary to identify plasticity, or lack thereof,
in glucocorticoid physiology, to better understand how verte-
brates can regulate organismal responses to environmental var-
iation.
Keywords: glucocorticoid hormones, environmental variation,
endocrine function plasticity, adaptive constraints.Introduction
Environmental temperature is one of the most signiﬁcant se-
lective agents shaping global ecology (Huey et al. 1999; Johnston
and Bennett 2008; Chown et al. 2010). From genes to the whole
animal, complex physiologies have evolved to maintain homeo-
stasis and maximize ﬁtness in direct response to environmental
temperature variation (Hochachka and Somero 1968, 1973). Sea-
sonal temperature cycles may result in predictable and reversible
modiﬁcations inphysiological function,while short-termvariation
in the thermal environment can lead to rapid and sometimes
irreversible changes in the phenotype (Wilson and Franklin 2002;
Angilletta et al. 2006). The ability of organisms to respond to
variation in environmental temperature by phenotypic modiﬁ-
cations (i.e., phenotypic plasticity) to their underlying biochemi-
cal and physiological state is a process known as thermal plasticity
and can include speciﬁc types of response, including heat hard-
ening, thermal compensation, acclimatization, and acclimation
(Bullock 1955; Prosser 1955; Hochachka and Somero 1973; Hazel
and Prosser 1974; Kelly et al. 2012). These different forms of
thermally induced plasticity allow for individuals to potentially
adapt to the complex temporal or spatial heterogeneity in envi-
ronmental temperatures (Angilletta 2009; Angilletta et al. 2010).
The range of acclimation responses to seasonal changes in envi-
ronmental temperature has been well studied, particularly the
functional responses of the locomotor systemofﬁsh (Johnston and
Temple 2002; Hammill et al. 2004) and amphibians (Wilson and
Franklin 2000). Our ability to demonstrate the physiological ca-
pacity of organisms to exhibit thermal plasticity induced by changes
in environmental temperature remains important to under-
standing their responses to climate change (Chown et al. 2010;
Hoffmann and Sgrò 2011).
In vertebrates, the hypothalamic-pituitary-adrenal/interrenal
(HPA) axis is an important physiological regulator that inﬂuences
vertebrate ﬁtness (Romero and Wikelski 2001; Romero 2004;
Crespi et al. 2013). The HPA axis, through the actions of two
glucocorticoid (GC) hormones, cortisol and corticosterone, can.102.042.098 on June 27, 2018 18:00:00 PM
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diverse and complex control over behavior, metabolism, repro-
duction, growth, and immune functions (Wingﬁeld and Romero
2001; Romero 2004; Le et al. 2005; Romero et al. 2009). In
particular, GC hormones are implicated in the regulation of
organismal tolerances and life-history responses to both capri-
cious and seasonal environmental variation (Wingﬁeld et al.
1998; Wingﬁeld 2013). This is because GC concentrations are
extremely sensitive to the complex interplay between internal and
external environmental factors that govern organismal homeo-
stasis (Wingﬁeld et al. 1998; Romero 2004).
A keymechanism throughwhich vertebrates can utilize their
HPA axis to facilitate organismal tolerances and life-history
responses is for individuals to exhibit plasticity in the pro-
duction of GC hormones. There are many examples of intra-
and intergenerational phenotypic plasticity in the GC response
in vertebrates (Wingﬁeld and Romero 2001; Jessop et al. 2004;
Creel et al. 2013; Sheriff and Love 2013). For example, adult
female sea turtles downregulate their HPA axis to even ulti-
mately lethal stressors during breeding (Jessop et al. 2000,
2004). This example of functional plasticity in the HPA axis is
thought to provide sea turtles with a physiological basis to
prevent stress elevated GC levels from inhibiting reproduction
(Jessop 2001). Hence, by adjusting their HPA function, ver-
tebrates can inﬂuence how GC hormones (or other regulatory
signal components) regulate phenotypic performance to aug-
ment ﬁtness outcomes in response to environmental variation
or life-history constraints (Angelier andWingﬁeld 2013; Jessop
et al. 2013b; Taff and Vitousek 2016).
There is good evidence that the HPA axis of vertebrates
exhibits strong thermal dependence (Christison and Johnson
1972; Edens and Siegel 1975; Strange 1980). Hence, animals
exposed to acute increases in environmental temperatures
under both ﬁeld and laboratory conditions often exhibit in-
creased GC levels (Cree et al. 1990; Dupoué et al. 2013; Jessop
et al. 2016). Increased GC levels presumably contribute to
how individuals regulate their homeostasis in response to rapid
temperature change. However, what is less understood is
whether vertebrates also adjust, via thermal plasticity, the
thermal sensitivity of their HPA axis in response to key com-
ponents of variation in environmental temperature (Strange
1980). If present, thermal compensation or thermal acclima-
tion, as types of temperature-induced phenotypic plasticity,
would also permit modiﬁcation of GC function that adjusts
regulation of organismal function during exposure to short-
term (e.g., heat waves) or long-term (e.g., seasonal variation)
changes in environmental temperature (Piersma and Drent
2003; Angilletta 2009). Simply, studies that demonstrate the
potential for thermal plasticity in HPA function are needed to
understand what role GC hormones might have in inﬂuencing
adaptation of animals, especially ectothermic vertebrates, to
environmental temperature variation (Johnston and Temple
2002; Hoffmann 2010; Jessop et al. 2016; Taff and Vitousek
2016).
As environmental temperatures can vary over daily, seasonal,
or developmental timescales, animals should exhibit com-This content downloaded from 130
All use subject to University of Chicago Press Termmensurate types of plasticity that help regulate their organismal
functions to achieve adaptation (Hazel and Prosser 1974; John-
ston and Temple 2002; Johnston and Bennett 2008). Here, we
investigate, through measurement of variation in urinary corti-
costeronemetabolites (UCMs), whether theHPA axis of the cane
toad (Rhinella marina) demonstrates two forms of thermal plas-
ticity represented by thermal-compensation and thermal-
acclimation responses to two different temperature regimes.
Using two independent experiments, we examined the capacity
for the HPA axis of the cane toad to demonstrate both short-
term (i.e., compensation) and long-term (i.e., acclimation)
thermal plasticity to repeated short-term and sustained high-
environmental-temperature exposures. These experimental tem-
perature regimes are analogous to climatic conditions faced by
toads across their current Australian distribution, in which they
can encounter daily bouts of extremely hot weather (e.g., heat
waves in summer) or signiﬁcant seasonal variation in annual
temperature (Kearney et al. 2008; Jessop et al. 2013a; McCann
et al. 2014). More importantly, understanding whether toads can
exhibit thermally induced plasticity in GC physiology is likely to
have important inﬂuence over the geographic distribution of this
invasive species (Kearney et al. 2008; Jessop et al. 2013a; McCann
et al. 2014). If short- or long-term thermal plasticity is present
in cane toads, then we would expect changes to occur in HPA
regulation that would result in different concentrations of UCMs
(a relatively noninvasive means to evaluate HPA function in ani-
mals) after temperature manipulations. Typically, evidence for
plasticity is demonstrated by phase shifts in trait responsiveness
(i.e., performance) over a temperature range relative to control
animals or those acclimated to different temperatures (Johnston
and Bennett 2008; Angilletta 2009). Thus, to show evidence for
plasticity in HPA function, we would expect to see toads exposed
to high-temperature regimes present different UCM response
proﬁles, compared to animals exposed to control or lower tem-
peratures (Taff and Vitousek 2016).Material and Methods
Laboratory Experimental Protocols
Short- and long-term thermal-plasticity experiments were con-
ducted under standardized laboratory and husbandry condi-
tions, using two independent groups of 20 adult male toads
(massp 75–120 g). Toads were sourced from populations in
North Queensland around the township of Mareeba (16.997S,
145.427E). Before the experimental protocols, toads were
maintained for 14–18 d in plastic enclosures (5 cm# 55 cm#
18 cm) stocked with 8–10 individuals and exposed to a diel
temperature cycle (187–247C) and a 12∶12 photoperiod. En-
closures had a substrate of wet vermiculite, saturated with arti-
ﬁcial pond water solution (changed twice weekly), and toads
were fed mealworms (Tenebrio molitor) three times per week.
Each toad was assigned to a single experiment, and their identity
was maintained through application of a unique alphanumeric
code drawn onto on the gular ﬂap with a nontoxic permanent
marker. This identity code permitted repeated sampling of in-.102.042.098 on June 27, 2018 18:00:00 PM
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the approval of the Animal Ethics Committee (ID-1313024.1).Noninvasive Urine Collection Method
for Hormone Quantiﬁcation
Noninvasive urine sampling was used to collect conjugated cor-
ticosterone metabolite as a marker of cane toad HPA respon-
siveness to short- and long-term thermal exposures. Speciﬁc
sampling collectiondetails are outlinedbelow for eachexperiment.
However, in general, sample collection involved that each toad
be captured by hand (on multiple occasions) and, via gentle
palpation of the abdomen, have urine (∼0.3 mL/sample) released
into a labeled Eppendorf tube. In all instances urine was collected
within 1 min of capture, and then toads were released back into
their enclosures. Urine sample tubes were immediately placed on
ice and then transferred to a freezer and kept frozen (2207C) until
hormone analysis.Short-Term Thermal Compensation in the HPA Axis
To test the capacity of toads to exhibit short-term thermal
compensation in their HPA axis to acute thermal exposure, we
designed an experiment with two treatments, in which indi-
viduals were assigned to either a high-temperature exposure
group or a procedural-control (i.e., room-temperature) expo-
sure group. Individuals from the high-temperature exposure
group were subjected to three 30-min bouts of 377C at 10-d
intervals. On the day of each exposure, individual toads were
removed from their enclosures and placed into a hole-ﬁlled,
weighted, 500-mLplastic container (with lid) that could remain
immersed in a water bath. The immersed container ensured that
each toad in the water bath experienced equivalent changes in
body temperature with increased water temperature. Conﬁne-
ment in the containers did not limit the toad’s access to air but
did reduce their capacity to actively swim or escape from the
water bath. For the high-temperature treatment group, toads
were placed into the container and then immersed in the water
bath, set to an initial 247C water temperature. The water tem-
perature was then rapidly increased at 17C/min to 377C, and
here toads weremaintained for a further 30min. On completion
of the experiment, toads were removed from the water bath and
returned to their enclosures. It should be noted that the critical
maximum (i.e., lethal) temperature for toads is ∼427C, and
therefore our high-temperature group was subjected to a sub-
lethal temperature exposure (Tracy et al. 2012; Jessop et al. 2013a).
The procedural-control group was presented with identical ex-
perimental protocols, except that during the immersion period
in the water bath (i.e., 42 min) there was no increase in the water
temperature (and toad’s body temperature) above 247C. Hence,
any changes in the HPA axis response within the procedural-
control groupwould indicate the effects of experimental protocols
in the absence of high-temperature exposure. Outside of these
short-term temperature exposures, toads were otherwise main-
tained on a diel temperature cycle (187–247C) and a 12∶12 photo-
period.This content downloaded from 130
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trials, toads had sequential urine samples collected at 0 (i.e.,
immediately after removing toads from the water bath), 2, 4, 6,
and 8 h. This 8-h sample duration is regarded as time sufﬁcient
to generate a peak HPA response via measurement of UCM
proﬁles (Narayan et al. 2013).Long-Term Thermal Acclimation in the HPA Axis
The capacity of the toad HPA axis to exhibit long-term (e.g.,
seasonal) acclimation to different temperatures was assessed
via an acclimation protocol similar to that used to elicit thermal
acclimation in locomotor performance (Seebacher and Franklin
2011). We deﬁne thermal acclimation as a speciﬁc measure of
phenotypic (i.e., HPA endocrine function) plasticity induced by
prolonged exposure (i.e., multiple weeks) to temperature (Prosser
1955). Here, successful acclimation is expected to result in toads
having different HPA endocrine phenotypes that would permit
similar levels of organismal performance across different thermal
environments (Angilletta 2009; Taff and Vitousek 2016).
For this second experiment, toads (different individuals from
those used above) were randomly assigned to one of two tem-
perature treatments and held in their plastic enclosures at either a
constant 187 or 307C for a 28-d acclimation period. This extended
duration of thermal exposure is necessary to ensure sufﬁcient time
for animals to detect thermal variation in their environment and
transduce this signal into a cellular response and for activation of
the molecules (e.g., genes, polymerases, ribosomes, enzymes) that
result in phenotypic changes throughout the individual (Wilson
and Franklin 2002; Angilletta et al. 2006). These two temperatures
approach the mean annual maximum temperatures experienced
by toads in the southern (∼307S) and northern (∼127S) limits of
their Australian distribution.
To evaluate the effects of long-term acclimation on the HPA
axis response, we exposed all toads (in their enclosures) si-
multaneously to a temperature ramp that increased air tem-
perature from 187 to 367C, using a weather-controlled room.
The purpose of the temperature ramp was to allow quantiﬁ-
cation of the effect of thermal acclimation on rate-dependent
performance in urinary corticosterone responses across a range
of temperatures that spanned the upper and lower thermal-
tolerance (i.e., nonpathological) zone of this species (Tracy et al.
2012). Such approaches are used widely to evaluate evidence
for thermal acclimation across trait reaction norms of ecto-
therms (Johnston and Temple 2002; Wilson et al. 2007). The
temperature-rampprotocol was implemented as follows. Toads
in their enclosures from both acclimation treatment groups
were moved into a weather-controlled room and exposed to
ambient air temperature (∼247C, i.e., the midpoint between the
two experimental temperatures) for 12 min before the air
temperature was lowered to 187C at a rate of 0.57C per minute.
Toads were exposed to a constant 187C air temperature for 2 h,
after which time the ﬁrst urine sample was collected from every
individual. Air temperature in the climate room was then
increased to 267C at a rate of 0.57C per minute. The 267C air
temperature was maintained constant for 2 h, after which a.102.042.098 on June 27, 2018 18:00:00 PM
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temperature was again increased from 267 to 367C at a rate of
0.57C per minute and then again held constant for 2 h, after
which a third urine sample was collected from each toad.
The rate of temperature change (i.e., 0.57C/min) and sub-
sequent 2-h holding periods were considered physiologically
and ecologically relevant to test for thermal acclimation in the
HPA axis of toads. The HPA axis of vertebrates is generally
considered responsive within 2–10 min when exposed to en-
vironmental variation (Romero 2004). Thus, the magnitude
and duration of thermal exposure encountered during the
thermal ramp were considered adequate to provide sufﬁcient
time for increased synthesis of plasma corticosterone levels in
response to temperature change. The 2-h duration at each
temperature holding point before urine collection was used to
account for the expected delay of plasma corticosterone un-
dergoing hepatic catabolism to form conjugated corticosterone
metabolite entering the urine (Narayan et al. 2013). During the
experiment, all toads had access to surface water within their
experimental enclosures to maintain hydration.
From an ecological perspective, under natural settings, toads
could be expected to experience large and rapid ﬂuctuations in
environmental and commensurate body temperatures. For ex-
ample, when toads move between terrestrial and aquatic habitats
or between closed- and open-canopy habitats or are exposed to
bouts of precipitation, they would experience changes in body
temperature (Seebacher and Alford 2002). Our prediction was
that if toads exhibited long-term thermal acclimation in their
HPA axis, we would expect toads acclimated at warmer tem-
peratures to have an HPA response different from that of cool-
acclimated individuals when exposed to the same temperature-
ramp protocol.UCM Enzyme Immunoassay
UCMsweremeasured for cane toadswith a previously validated
species-speciﬁc enzyme immunoassay procedure (Narayan
et al. 2013). UCM concentrations were determined with a poly-
clonal anticorticosterone antiserum (CJM06) diluted 1∶45,000,
a horseradish peroxidase–conjugated corticosterone label di-
luted 1∶120,000, and corticosterone standards (1.56–400 pg
well21). Cross reactivity of the CJM06 anticorticosterone an-
tiserum was 100% with corticosterone, 14.25% with desoxy-
corticosterone, and 0.9% with tetrahydrocorticosterone (Nara-
yan et al. 2010).
The plates were coated with 50 mL of antibody in enzyme-
linked immunosorbent assay coating buffer (50 mm bicar-
bonate buffer; pH 9.6) and incubated for at least 12 h overnight
at 47C. For all assays, standards, internal controls, and urine
samples were diluted in EIA buffer (39 mm NaH2(PO4)2H2O,
61mmNaHPO4, 15mmNaCl, and 0.1%bovine serumalbumin;
pH7.0). For all assays, 50mL of standards, internal controls, and
urine samples was added to each well of the coated Nunc
MaxiSorp plates. Next, 50 mL of the corresponding horseradish
peroxidase label was added to each well, and the plates were
incubated at room temperature for 2 h. Plates were washed, andThis content downloaded from 130
All use subject to University of Chicago Press Term50 mL of a substrate solution (0.01% tetramethylbenzidine and
0.004% hydrogen peroxide in 0.1 M acetate citric acid buffer;
pH 6.0) was added to each well. Stopping solution (50 mL of
0.5 mol/L H2SO4) was added immediately after 10 min of incu-
bation at room temperature. Nonspeciﬁc binding was accounted
for by subtracting the blank absorbance from each reading. Stan-
dard curves were generated, and a regression line was ﬁtted by the
method of least squares and used to determine hormone con-
centrations in the frog urine samples. For corticosterone assays,
intra- and interassay coefﬁcients of variance were estimated at
4.25% and 8.65%, respectively. Urinary corticosterone concen-
trations were presented as mean 5 standard error (SE) pg/mg
creatinine.
All UCMmeasurements were referenced against urine levels
of creatinine to account for differences in the hydric states of
toads. Creatinine was measured with the Jaffe method ex-
plained in detail in other studies on cane toads (e.g., Narayan
et al. 2013). Creatinine reactions were done on ordinary ﬂat-
bottomplates. Standard values used (including zeros) were 500,
250, 125, 62.5, and 31.25 ng/well. Standard working stock
(240 mL; 10 mg/mL, or 500 ng/well) was serially diluted (two-
fold) in a glass tube by using 120 mL stock plus 120 mL Milli-Q
water and repeating for the diluted standard. Tubes for zeros
contained 120 mL Milli-Q water. Cane toad urine samples
were diluted 1∶4 by adding 30 mL of neat urine sample to 90 mL
Milli-Q water. For plate loading, 50 mL of standard and sample
was pipetted per well, according to the plate map. Speed of the
addition was unimportant, as this was not a binding assay.
Alkaline picrate reagent was prepared immediately before use
by combining 4mLMilli-Qwater, 4mL0.75NNaOH, and 4mL
0.13% picric acid and mixed well. One hundred microliters of
the alkaline picrate reagentwas added to all wells that contained
standard or sample. The plate was tapped brieﬂy to mix and
incubated at room temperature for 30 min. Plates were read at
490 nm, and optical density of zero wells was expected to be
around 0.2.Data Analysis
For each experiment we used a generalized linear mixed model
(GLMM) ﬁtted with a Gaussian error and log link. Each model
also included individual toad identity nested in toad enclosure as
a random effect. To test for a short-term thermal-compensation
response, we used a factorial model that considered the main
effects of experimental group (temperature vs. procedural con-
trol), time after heat exposure (0, 2, 4, 6, or 8 h), heat-stress event
(exposure 1, 2, or 3), and a two-way interaction between exper-
imental group and heat-stress event on toad UCM data.
To test for a long-term thermal acclimation response,weused
a factorial GLMM that considered the effects of temperature-
ramp exposure and acclimation temperature (187 vs. 307C), and
the two-way interaction between these main effects, on varia-
tion in toad UCM data. Post hoc pairwise comparisons using
Fisher’s protected least signiﬁcant difference tests were used to
infer signiﬁcant differences among the effects. We performed
all analyses with the software IBM SPSS 23..102.042.098 on June 27, 2018 18:00:00 PM
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Short-Term Thermal-Compensation Capacity of the HPA Axis
Toads assigned to three repeated acute (30-min) high-
temperature exposures (i.e., immersion in a water bath at 377C)
showed key differences in their UCM responses, compared to
procedural-control toads subjected to three repeated 247C
exposures (ﬁg. 1). Toads subjected to the high-temperature
exposure had signiﬁcantly greater mean UCM responses than
procedural-control toads (F1,230 p 273:56, P < 0:001). How-
ever, all toads showed a signiﬁcant increase in UCMs with time
interval (i.e., 0, 2, 4, 6, 8 h) after each temperature exposure
(F4,230 p 242:81, P < 0:001). Post hoc tests indicated that each
postexposure time interval had signiﬁcantly different levels of
UCMs (all pairwise comparisons: P < 0:05). Similarly, there
was an overall signiﬁcant effect of repeated exposure events on
UCMs (F2,230 p 28:61, P < 0:001). Here, the mean effect of
repeated exposures was to increase UCM levels; post hoc tests
revealed signiﬁcant differences among UCM levels measured in
the ﬁrst exposure, compared to those in the second and third
exposures, but not between the second and third exposures.
Importantly there was a strong interactive effect between treat-
ment and the number of temperature exposures on toad UCM
levels (F2,230 p 68:01, P < 0:001). Toads from the high-
temperature treatment group showedprogressively greaterUCM
responses with each temperature exposure event (post hoc tests:
all P < 0:05 among exposures 1–3). This result suggests that
toads exposed to repeated bouts of high temperature increase
the responsiveness of their HPA axis to acute temperatureThis content downloaded from 130
All use subject to University of Chicago Press Termelevation. In contrast, there was no signiﬁcant effect of exposure
event on UCM levels of the procedural controls.Long-Term Thermal-Acclimation Capacity of the HPA Axis
TheUCMconcentrations of toads were signiﬁcantly inﬂuenced
by exposure to acute temperature changes (F2,49 p 5:35,
P < 0:02; ﬁg. 2). However, there was no signiﬁcant effect of
acclimation temperature treatment (i.e., warm [307C] vs. cold
[187C]) on toadUCM levels (F1,49 p 0:10, Pp 0:75). Similarly,
there was no signiﬁcant interaction between acclimation tem-
perature and the acute temperature-rampexposure on toadUCM
levels (F1,49 p 0:39, Pp 0:68).Discussion
The capacity for environmentally induced plasticity in phys-
iological processes is a fundamentalmechanism for how animals
adapt to environmental variation (Hoffman and Parsons 1991;
Huey et al. 1999). This is especially true for ectothermic organ-
isms, whose thermal relations ensure that organismal function is
strongly coupled to environmental temperature variation (Angil-
letta 2009). Thus, an ectotherm’s capacity for thermally induced
phenotypic plasticity is a key adaptive process through which
individuals potentially attain a similar level of organismal perfor-
mance and ﬁtness in response to temporal or spatial variation in
thermal environments (Huey et al. 1999; Angilletta et al. 2006;
Deutch et al. 2008).
This study used an ectothermic vertebrate to investigate the
capacity for acute (i.e., compensation) and long-term (i.e., ac-
climation) thermal plasticity in the HPA axis of cane toads. These
two tests of thermal plasticity indicate whether cane toads can
respond and adjust GC function to different aspects of environ-
mental temperature variation. For cane toads under laboratory
conditions, it was evident that repeated exposures to acute epi-
sodes of thermal stress caused progressive increases in UCM
responses. Simply, toads exhibited a greatermagnitude and longer
UCM response with repeated acute exposures to thermal stress.
This result suggests that toads indeed demonstratemodiﬁcations
in HPA axis function, to suggest thermal plasticity to one mea-
sure of environmental temperature variation. To some extent,
it was evident that there was a progressively smaller-magnitude
increase.
Although short-term thermal compensation in the GC stress
response occurred, the adaptive consequence of this response
is difﬁcult to interpret without also knowing how toad ﬁtness
is affected (Breuner et al. 2008). If higher ﬁtness was obtained
in toads mounting the larger GC stress responses during acute
episodes of thermal stress, then we could infer that thermal
acclimation would be beneﬁcial, but if ﬁtness was lower because
of increased GC responsiveness, then this thermal acclimation
would be deemed nonbeneﬁcial or maladaptive (Huey et al.
1999). For this species, there is some reasonable evidence to
suggest that having a greater GC response to high temperatures
may not always be beneﬁcial in certain environments. For ex-Figure 1. Evaluation of short-term thermal-acclimation capacity of
the hypothalamic-pituitary-adrenal/interrenal axis of the cane toad.
Figure depicts the effects of repeated acute control (room-temperature
water for 30 min) and thermal exposures (377C for 30 min) con-
ducted at 10-d intervals (trial 1p day 0, trial 2p day 10, and trial
3p day 20) on mean 5 SEM urinary corticosterone metabolite con-
centrations. N p 10 for all groups. A color version of this ﬁgure is
available online..102.042.098 on June 27, 2018 18:00:00 PM
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creased acute corticosterone stress responsiveness experienced
a higher risk of desiccation, thermal stress, and morbidity, com-
pared to individuals with lower corticosterone stress responsive-
ness (Jessop et al. 2013a). However, Jessop and coauthors (2013a)
explored the consequences of increased corticosterone stress re-
sponsiveness in the ﬁeld and did not test the speciﬁc beneﬁts of
the stress response versus the absence of any response when the
toads were actually exposed to a thermal stressor. Hence, further
research is clearly necessary to understand the adaptive nature
of short-term thermal compensation in the HPA axis of cane
toads.
In contrast, there was no evidence for longer-term thermal-
acclimation capacity in the toad GC response. Indeed, the mag-
nitude of UCM responses to the heat-ramp protocol was almost
invariant between toads acclimated to either the 187 or the 307C
temperature treatment. This result is somewhat unexpected for
three reasons. First, there are many examples of long-term (e.g.,
seasonal or intra- and intergenerational variation) phenotypic
plasticity in the GC response in vertebrates (Wingﬁeld and
Romero 2001; Jessop et al. 2004; Creel et al. 2013; Sheriff and
Love 2013). Second, other physiological processes of toads, in-
cluding cardiovascular responses, metabolism, and oxygen con-
sumption, are capable of exhibiting some degree of thermal ac-
climation to cool temperatures when exposed to experimental
protocols similar to those used here (Seebacher and Franklin 2011;This content downloaded from 130
All use subject to University of Chicago Press TermMcCann et al. 2014; Winwood-Smith et al. 2015). Third, during
their invasion of Australia toads have shown conspicuous and
broad-scale adaptation, via plasticity or evolution, in dispersal,
colonization, or immunological traits to ecological and environ-
mental variation (Phillips et al. 2006, 2010a, 2010b; Brown et al.
2015a, 2015b; Rollins et al. 2015).
Our results suggest that the HPA axis is either very slow to
compensate for or cannot acclimate to long-term (e.g., seasonal
or spatial) increases in temperature.Whether this lack of thermal
acclimation in GC function is localized to our study populations
or is more general across toad populations requires further in-
vestigation. We acknowledge that experimental protocols can
inﬂuence the capacity for observing acclimation responses in
animals. For example, the capacity for biochemical and phys-
iological acclimation could be attenuated in captive animals
offered a poor diet, as a result of inadequate nutrition (Wilson
and Franklin 2002). However, our results appear similar to the
absence of endocrine-related changes noted in either the thy-
roid function or the HPA axis of goldﬁsh subjected to thermal-
acclimation protocols (Klicka 1965). In addition, our results are
consistent with several other studies that also demonstrate lim-
ited seasonal thermal acclimatory capacity in other amphibian
species (Putnam and Bennett 1981; Miller 1982; Renaud and
Stevens 1983; Else and Bennett 1987; Wilson and Franklin 2000;
Wilson et al. 2000). One plausible hypothesis is that longer-term
acclimation responses are observed only in fully aquatic am-
phibians or tadpole stages that have sufﬁciently stable and re-
liable temperature cues to initiate an acclimation response
(Wilson and Franklin 1999, 2000; Wilson et al. 2000).
There are important broader implications for understanding
the capacity for adaptive plasticity in the vertebrate GC re-
sponse to abiotic processes, particularly temperature (Angelier
and Wingﬁeld 2013; Wingﬁeld 2013). For example, in the case
of invasive cane toads, ongoing expansion of rangefront pop-
ulations exposes individuals to novel environments. Here, in
the case of rangefront populations invading semiarid Australia,
toads are encountering harsher regimes of abiotic stress, in-
cluding higher frequencies of daily/seasonal hot-temperature
exposure, reduced standing water, and less seasonal rainfall
(Florance et al. 2011; Tingley et al. 2012; Letnic et al. 2014,
2015). In such environments the capacity for thermal plasticity
in the HPA axis could be seen as an important adaptive mech-
anism for permitting ongoing invasion. There is increasing
interest in GC responses for promoting range expansion through
regulation of invasion traits of introduced vertebrates (e.g.,
Liebl and Martin 2012; Martin and Liebl 2014). However, our
results indicate that because GC hormone function can possess
limited thermal acclimation capacity, the toad’s ability to regulate
physiological or behavioral traits could also constrain how it
adapts to novel thermal environments (Jessop et al. 2013a).
We readily acknowledge that the inﬂuence that the HPA
axis has for aiding vertebrate responses to environmental tem-
perature variation also requires a broader understanding of
adaptive potential in other traits that facilitate thermal tolerance
(Stevenson 1985; Addo-Bediako et al. 2000; Pörtner 2002). For
example, the capacity for plasticity or evolution in heat-shockFigure 2. Evaluation of long-term thermal-acclimation capacity of the
hypothalamic-pituitary-adrenal/interrenal axis of the cane toad. Data
report the mean 5 SEM urinary corticosterone metabolite con-
centrations in cool-acclimated (187C) and warm-acclimated (307C)
cane toads exposed to a temperature gradient (187–367C). Initial
urinary samples were collected at 187C, with subsequent urinary
samples collected at 2-h intervals after exposure to 267 and 367C.
N p 10 for all groups. A color version of this ﬁgure is available online..102.042.098 on June 27, 2018 18:00:00 PM
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Thermal Plasticity in Endocrine Function 973protein function, which regulates cellular resistance to thermal
extremes, would also clearly inﬂuence adaptation (Feder and
Hofmann 1999). Similarly, the degree of plasticity in oxygen
transport and metabolic demands at higher temperatures could
inﬂuence toad range expansion into hotter climates (Seebacher
and Franklin 2011). Behavioral ﬂexibility in toad daily activity
patterns, or spatial ecology, could facilitate persistence but not
necessarily range expansion into harsher thermal environments
(Tingley and Shine 2011; Webb et al. 2014). Nevertheless, be-
cause steroid hormones function as physiological integrators
linking multiple traits, they must often have large and important
effects on how vertebrates mount complex phenotypic responses
to environmental variation (Ketterson and Nolan 1999; Ketter-
son et al. 2009).
Adaptive plasticity is widely considered essential in bene-
ﬁting species’ responses to novel environments (Ghalambor
et al. 2007). However, when we refer to the adaptive conse-
quences of GC actions we typically seek to understand effects
of excessive or insufﬁcient GC responsiveness on organismal
ﬁtness (Breuner et al. 2008; Romero et al. 2009). However, the
ability for plasticity in endocrine traits to track environmental
variation is clearly a further mechanism through which GC
hormones could inﬂuence how individuals respond and adapt
to rapidly changing environments (Angelier and Wingﬁeld
2013; Taff and Vitousek 2016).Literature Cited
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